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Abstract 
In this paper, a detailed investigation has been carried out to find out the impact of the process parameters including Tool 
rotational speed, welding direction at constant axial force and with a taper cylindrical pin profiled HSS tool during the Friction 
stir welding (FSW) of AZ31B magnesium alloy lap joints. This paper evaluates & examines in an elaborate manner, the influence 
of these FSW parameters in the microstructure & mechanical properties of AZ31B magnesium alloy. In short, AZ31B Mg alloys 
were friction stir welded by varying several different process parameters and the effects of these parameters on the joint quality, 
microstructure & mechanical properties were discussed comprehensively. This paper also experimentally proves & suggests the 
optimized process parameter values to be adopted for effective lap joining of AZ31B Magnesium alloys using FSW technique. 
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1. Introduction 
In the present modern world, Magnesium (Mg) alloys are found to rapidly replace copper, steel and 
aluminium in a variety of automotive and structural applications due to its  low density value (1.74 g/cm3),  greater 
thermal conductivity, excellent damping property, sound castability, high machinability, and improved 
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electromagnetic interference shielding capabilities [1]. As a result, the needs for the use of magnesium alloys have 
increased in various fields, and in particular, the automobile sector where weight reduction is one of the major 
critical factor for reducing the fuel consumption and the emissions of CO2. Even though the wider use of Mg alloys 
requires feasible joining methods, there is still a lack of efficient & effective welding techniques for Mg alloys. 
Conventional welding processes are found to be not suitable for joining magnesium alloys because of their strong 
cracking susceptibility, large energy requirement and high corrosion of magnesium to copper electrode [2–3].  
1.1. Friction Stir Welding (FSW) 
Friction Stir Welding (FSW), an innovative type of solid state welding technique invented & developed by The 
Welding Institute (TWI), can present higher potential for magnesium alloys [4]. Because, it utilizes a non-
consumable rotating tool to produce frictional heat and thereby creating plastic deformation at the location of 
welding. Thus, even when the material is in the solid state, a joint is formed [5]. Lap joints are the most commonly 
used joint type in the automotive body panels. Till date, very less detailed investigation has been done on the friction 
stir welding of the lap joints for joining magnesium alloys. Moreover, it has been found that the single pass joints of 
various alloys including aluminium, copper & steel welded using FSW are stronger when compared with the 
traditional riveted and resistance spot welded lap joints [6].  
Friction Stir Welding process parameters like tool rotation speed, welding direction, axial force, tool material & 
tool geometry are found to play a very important role in FSW when they are employed for joining high melting 
point and high strength alloys [7]. 
1.2. Working Principle of Friction Stir Welding (FSW)  
A Pictorial representation of the working principle of the FSW is shown in the Fig.1. FSW process consists of a 
rotating tool together with a shoulder and probe arrangement. The welding area is rotated & plunged with a 
cylindrical shoulder tool containing a profiled pin. The heat is developed due to friction developed between the wear 
resistant tool & work pieces. This developed heat softens the work piece before it reaches its melting point, thereby 
the tool traverses smoothly along the weld line. The welding tool is then gradually retarded and when the work 
pieces are cooled, a solid phase bond is obtained between the work pieces [8]. 
 
 
 
 
 
 
 
 
 
Fig.1. Working principle of Friction Stir Welding Process 
2. Experimental Work 
AZ31B Magnesium alloy is taken as the base material in this present investigation. The required thickness of 
5mm of the AZ31B magnesium alloy was obtained by machining the rolled plates to the required dimension. The 
rolled plates are then cut to the required length & width (150 X 50 mm) using power hacksaw followed by the 
milling process. The chemical compositions and mechanical properties of the base metal for this paper i.e., AZ31B 
magnesium alloy are listed in Table 1. A square butt configuration was prepared to enable the joining of the AZ31B 
pieces together by means of friction stir welding technique. The AZ31B Mg flat plates to be joined using FSW were 
cleaned using acetone before the welding process for elimination of any surface contamination.    
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Table 1 Chemical Compositions & mechanical properties of AZ31B magnesium alloy  
Alloy 
Composition wt % Mechanical Properties 
Al Zn Mn Cu Si Fe Ni Mg Tensile 
strength 
Yield strength Elongation 
AZ31B 2.87 0.72 0.30 0.05 0.08 .005 .005 Balance 262 MPa 179 MPa 11.8 % 
2.1. Friction Stir Welding Machine  
The Friction Stir Welding (FSW) of AZ31B magnesium alloys using a taper cylindrical pin profiled HSS tool at 
optimized parameters are performed using a specially designed semi automatic Friction Stir Welding machine with a 
table size of 810 X 400 mm and a spindle speed ranging from 45 – 1500 rpm with a feed range of 0.25 to 500 
mm/min. The photographic view of this friction stir welding machine is shown in Fig.2. This machine is equipped 
with a spindle motor power of 5 kW which provides a 3 ton mechanical linear axial force in the X direction. 
Moreover, the machine has a 510 mm travel distance along the X axis, 400 mm along the Y axis and 400 mm with 
respect to the Z axis. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Photographic View of the Semi Automatic Friction Stir Welding Machine 
2.2. Taper Cylindrical Pin Profiled HSS Tool 
The tool design greatly influences the plastic flow, heat generation and the uniformity of the welded joint. The 
pin profile has a greater input on the material flow during FSW. The shoulder performs the function of generating 
most of the heat and also prevents the plasticized material from escaping the work piece surface [9]. The selection of 
the tool material depends on the material of the work piece to be welded. The reason for choosing HSS as the tool 
material among the various available and commonly used FSW tool materials like High Carbon High Chromium 
steel, Tool steel, carbide and carbon boron nitride is its high hot hardness, easy processing nature, ease of 
availability, greater strength, low cost and longer life time [10]. Non consumable tool made of M35 grade High 
Speed Steel (HSS) was used in this investigation. A taper cylindrical pin profiled rotating tool as shown in Fig.3 was 
manufactured using CNC Turning center and optical profile grinding machine. The tools are then subjected to 
suitable hardening processes to obtain a hardness of 60– 62 HRC.  
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Fig.3. Photographic View of (a) Front view of the HSS tool with taper cylindrical pin profile (b) tilted top view of the HSS tool with clear 
visibility of the taper cylindrical pin (c) arrangement of the AZ31B Mg Alloy flat plates in the Fixture along with the positioned taper cylindrical 
pin profiled HSS tool 
The HSS tool has a 60mm long shoulder & a 12mm diameter with a taper cylindrical pin of 4mm diameter & 
4.75mm length. The specifications and dimensions of the tool used to carry out this investigation are summarized in 
Table 2. The AZ31B Mg alloy flat plates were firmly secured in their position with the help of mechanical clamps 
and the tool is held rigidly in its position as shown in the Figure 3(c). The tool was fitted in the tool holder in such a 
way that feed can be given at a constant and continuous traverse rate along the joint regions of the two AZ31B alloy 
plates to be joined together.  
Table 2. Specifications and dimensions of the friction stir welding tool 
Tool Parameters Specifications & Dimensions 
Tool Material & Grade HSS & M35 Grade 
Outer Shoulder Diameter 50 mm 
Outer Shoulder Diameter 20 mm 
Inner Shoulder Length  10 mm 
Inner shoulder Diameter (D) 12 mm 
Pin Profile Tapered Cylindrical  
Pin Length (L) 4.75 mm 
Pin Diameter (d) 4 mm 
D / d ratio of the tool 3 
 
2.3. Process parameters 
Since this paper focuses on the investigation and determination of the optimized process parameters for effective 
and enhanced joining of AZ31B Mg alloy plates using friction stir welding technique, the most important process 
parameters including tool rotational speed, welding speed are taken into account. At the same time, other important 
parameters of the friction stir welding process namely tool material, tool profile and axial mechanical force (3 kN) 
are kept constant. Table 3 represents in detail the range and combination of tool rotational speed and welding speed 
(feed rate) parameters at which the experiments were conducted.  
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Table 3. FSW process parameters, their values and their combinations 
Condition 
No. 
Tool Rotational Speed 
(rpm) 
Feed            
(mm / min) 
A 500 3.0 
B 500 1.5 
C 500 0.5 
D 710 3.0 
E 710 1.5 
F 710 0.5 
G 1000 3.0 
H 1000 1.5 
I 1000 0.5 
 
Before carrying out the friction stir welding of the AZ31B mg alloys, the specimens (flat plates) were cleaned 
both chemically and mechanically using acetone in order to avoid surface contamination. Fig.4 shows the 
photograph of the AZ31B mg alloy specimens kept ready for joining process using the friction stir welding 
technique. After clamping the specimen plates rigidly and firmly in the specially designed fixture and holding the 
tool properly in tis position, friction stir welding is carried out in such a way that the welding direction is normal to 
the rolling direction of the specimen plates. Further, it is ensured that necessary care was taken in order to avoid 
distortion during the joining process and the joints were fabricated using the single pass welding technique. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4. Photographic View of the AZ31B Magnesium Alloy specimens before the friction stir welding process 
3. Analysis, Results and Discussion 
3.1. Joint appearance and Macrostructure of the friction stir welded joints 
The joints fabricated during the friction stir welding of the AZ31B magnesium alloys using a taper cylindrical pin 
profiled M35 grade HSS tool with a 3kN axial force with other varying process parameters are illustrated in Fig.5. 
The top surface of the welded joints seems to be free from visible defects. However, the cross sections of some of 
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the welded specimens are found to be present with tunnel defects in the various sections of the welded zone. These 
defects were observed when the welded specimens were analyzed under the low magnification (10X) using the  
optical microscope. 
Fig.5. Photographic View of the AZ31B magnesium alloy joints fabricated using the friction stir welding process under various optimized 
process parameters 
The effect of the tool rotational speed and feed rate on the joint quality and macrostructure of the fabricated 
AZ31B magnesium specimens were clearly illustrated in the Table 4. Of the various joints fabricated during this 
process, the joint fabricated under the combination of a tool rotational speed with 1000 rpm and a tool traversing 
speed (feed rate) of 0.5mm/min is found to be free from welding defects and has been observed as a defect free 
joint. This may be one of the reasons for obtaining a higher value of tensile strength with the same joint. 
The joints fabricated with 0.5mm/min feed rate with other combinations of the rotational speeds namely 500 rpm 
& 710 rpm were also observed to be present with negligible or minimum amount of tunnel defect as illustrated in the 
table 4. Further, the feed rate of 3mm/min was observed to produce joints having tunnel defects of larger area. It had 
been found from the macroscopic observations that the rotational speed of 1000 rpm is found to produce sound and 
better weld quality joints with negligible defects and even a completely defect free joint.   
3.2. Tensile Strength, Yield Strength & percentage elongation 
In order to investigate and characterize the mechanical properties of the friction stir welded specimens under 
various welding parameters and conditions, a series of tensile shear tests were conducted as per the International 
standards. The specimens after the completion of friction stir welding were Procedures prescribed by the American 
Society for Testing of Materials (ASTM: B557M–10) standard guidelines were adopted during the preparation of 
the specimens for carrying out the tensile tests.  
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Table 4. Effect of the optimized process parameters on the macrostructure of the FSW AZ31 Mg alloys 
Condition 
No. 
Tool Rotational Speed 
(rpm) 
Feed          
(mm / min) 
Macrostructure                
RS                             AS 
Observation 
A 
 
 
 
500 
 
 
 
3.0 
 
 
 
 Tunnel defect and 
collapse of the weld 
nugget  
B 
 
 
500 
 
 
1.5 
 
 
 Worm hole and tunnel 
defects on the 
retreating side 
C 
 
 
 
500 
 
 
 
0.5 
 
 
 
 Tunnel defect at two 
places on the 
advancing side 
D 
 
 
 
710 
 
 
 
3.0 
 
 
 
 Tunnel defect and 
collapse of the weld 
nugget  
E 
 
 
710 
 
 
1.5 
 
 
 Tunnel defect and 
collapse of the weld 
nugget  
F 
 
 
 
710 
 
 
 
0.5 
 
 
 
 Very small tunnel 
defect at the advancing 
side 
G 
 
 
 
1000 
 
 
 
3.0 
 
 
 
 Tunnel defect at the 
retreating side 
H 
 
 
 
1000 
 
 
 
1.5 
 
 
 
 Very small tunnel 
defect 
I 
 
1000 
 
0.5 
 
 No defect 
 
Photographs of the tensile test specimens prepared by the above mentioned standard are illustrated in Fig.6. The 
lengths of the tensile test specimens were cut along the processed direction. The shape of the tensile test specimens 
were obtained by slicing the single pass friction stir welded pieces using power hacksaw machine. Then, the 
required thickness of 4 mm & other dimensions were obtained by subjecting the pieces to the milling and grinding 
processes. The photographic view of the prepared tensile specimens as per the above mentioned processes can be 
seen in the Fig.7 (a) and these tensile test specimens were used to evaluate the tensile strength, yield strength and % 
elongation of the friction stir welded AZ31B Mg alloy plates. 
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Fig.6. Diagrammatic representation of the dimensions of the tensile specimen prepared as per ASTM standard 
. After machining, the prepared tensile specimens were inspected and loaded at the rate of 1kN/min as per the 
ASTM guidelines in the electro – mechanical operated universal testing machine with a maximum 5 Ton capacity 
and the tensile force is given. The stress vs. strain curve is obtained when the tensile specimen breaks and the yield 
strength with 0.2% offset values, percentage of elongation and ultimate tensile strength values are obtained and 
evaluated using the load – displacement diagram. Fig.7 (b) shows the photographic view of the tensile test 
specimens after the completion of the tensile testing using the universal testing machine.  
   a                                                                                        b  
 
 
 
 
 
 
 
 
 
Fig.7. Photographic View of the tensile test specimen prepared as per the ASTM: B557M–10 standard guidelines (a) before tensile testing and (b) 
after tensile testing  
     In each condition (A to I), two to three specimens were subjected to tensile testing and the average of these 
results are presented in Fig.8 (a). Of the various welding conditions (A to I) related with different process parameter 
values, the condition no I i.e., the joints fabricated with a tool rotational speed of 1000 rpm & feed rate of 0.5mm 
/min with constant axial mechanical force (3 kN) yielded better tensile properties. The tensile strength exhibited by 
this joint specimen is 183 MPa which is approximately 69% of the tensile strength of the AZ31B magnesium alloy 
(262 MPa). Moreover, the yield strength exhibited by this joint is 101 MPa which is approximately 56% than that of 
the parent metal (179 MPa). The related percentage of elongation for this joint is 8.25%  
     From Fig.8 (a), it can be observed that at 0.5 mm/min feed rate, increase in the tool rotational speed increases the 
tensile strength & yield strength values. The tensile strength & yield strength values are found to be lower at a feed 
rate of 3mm/min. The feed rate of 0.5mm/min with 500 rpm and 710 rpm produced more or less similar tensile 
strength values. The lower tensile strength & yield strength values were obtained at a feed rate of 3mm/min and 500 
rpm. Fig.8(a) also clearly revealed that the tensile strengths of the test specimens welded at 3mm/min feed rate 
showed lower values than the other two feed rate combinations. 
Likewise, the rotational speed of 1000 rpm and feed rate of 0.5mm/min produced the higher tensile strength, 
yield strength and percentage of elongation values when compared with the other process parameter combinations. 
Fig.8(b) shows the stress strain graph with the maximum tensile strength, yield strength and percentage elongation 
values obtained during the tensile testing of the specimen welded at a rotational speed of 1000 rpm and feed rate of 
0.5mm/min. 
3.3. Structural Morphology and Microstructural Analysis 
The welded specimens (obtained at 1000 rpm and 0.5mm/min) to be subjected for metallographic examination 
are sectioned to the required shape and size from the joint pieces covering the weld metal areas, heat affected zone, 
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thermo mechanically transformed zone, weld nugget and base metal portions. They are then polished by using the 
various grades of the emery papers. 
 
 
 
 
 
 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
 
 
 
(b) 
Fig.8. (a) Graphical representation of the average of the tensile strength, yield strength and percentage elongation values obtained during the 
tensile testing (b) Stress strain graph generated during the tensile testing for the specimen welded at 1000 rpm and 0.5mm/min      
A standard reagent containing about 10ml of acetic acid, 4.2gms of picric acid, 70ml of ethanol and 10ml of 
distilled water was used to etch these specimens in order to get their structural morphology and microstructure. The 
microscopic images obtained using the Optical Metallurgical microscope fitted with software for image analyzing at 
150 X & 250X are displayed in Fig.9. The micrograph image of the parent metal at the advancing side & at the 
retreating side of the FSW tool are shown in Fig.9 (a) & (f). The Fig.9 (b) shows the clear image of the first interface 
junction of the AZ31B Mg parent alloy & the nugget zone. In this region, the directions of the thermo mechanical 
transformation of the grain structures are clearly visible. In the shoulder zone, as shown in Fig.9 (c), the grains are 
found parallel due to the mechanical stress created by the revolution of the shoulder region of the tool.  
      In this region, the grains are found to be fragmented due to the impact of the mechanical axial force. It is also 
clearly seen in the micrograph i.e., in Fig. 9(c), that the nugget zone microstructure is finely divided. Fig.9 (d) shows 
the nugget zone where the fragmentation of the grain has taken place properly and the plastic flow is observed with 
uniform grain orientation. In the Fig.9 (d), the nugget zone is present at the right hand side and the base metal i.e., 
AZ31B Mg alloy is present at the left hand side.  Fig.9 (e) shows the thermo mechanically transformed (TMT) zone. 
In our specimen, this TMT zone is found be present at the retreating side of the FSW tool.  
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d                                                           e                                                           f 
 
 
 
 
 
 
 
Fig.9. Optical Micrograph images of the various regions of the friction stir welded AZ31B Mg alloy specimen including (a) Base metal on the 
advancing side (b) junction of base metal and nugget zone (c) shoulder region (d) nugget zone (e) TMT zone (f) base metal on the retreating side 
3.4. Observations and Results 
From the experimental observations, their macro – micrographs and tensile tests, it has been clear that the tool 
rotational speed and feed rate are found to play a major role in influencing the weld quality of the FSW joints of the 
AZ31B Mg alloy. The micrograph and macrograph analysis clearly reveal us that insufficient frictional heat was 
generated during the low values of tool rotational speed (500 rpm) and at higher values of feed rate (3 mm/min). 
This is because at these conditions, the time required for the deformation of grains is not sufficient and it resulted in 
formation of coarse grains leading to tunnel defects and worm holes in the joints. But at the same time, at higher 
rotational speeds (1000 rpm) and at lower feed rates (0.5mm/min), very refined grains were produced. This is 
possible due to the generation of the sufficient heat supplied by the high rotational speed (1000 rpm) and rapid 
solidification of the grains at the low feed rate (0.5mm/min) which is evident from the micrograph images shown in 
the Fig.9    
4. Conclusion 
In this paper, a detailed investigation had been carried out to find out the impact of the optimized process 
parameters with a taper cylindrical pin profiled HSS tool during the FSW of AZ31B magnesium alloy. The joints 
fabricated at 1000 rpm at a tool traversing  rate of 0.5mm/min with a taper cylindrical pin profiled M35 HSS tool 
yielded maximum tensile strength of 183 MPa along with a yield strength of 101Mpa and the joint is found to be 
absolutely free from defects.  
Further, the micrograph analysis for this optimized process parameter values revealed that the nugget zone 
microstructure is finely divided and the fragmentation of the grains had taken place properly. The plastic flow in the 
welded regions is also observed with uniform grain orientation. The investigation clearly indicates that sufficient 
time is required for the grains to deform in a uniform manner which is possible only at reduced feed rates. 
Additionally, strain hardening effects related with dislocated piling up of slipped planes is possible during the FSW 
of AZ31B Mg alloys at lower values of tool rotational speeds.  
It is also understood that the sufficient heat generation resulting in rapid solidification of the grains can be 
achieved during the friction stir welding of AZ31B Mg alloys using a high rotational speed and low feed rate. 
Finally, this investigation reveals us that the strength of the defect free welds can be improved & enhanced by 
selecting and optimizing the process parameters during the friction stir welding of AZ31B Mg alloys. 
751 P. Sevvel and V. Jaiganesh /  Procedia Engineering  97 ( 2014 )  741 – 751 
References 
[1] P.Sevvel and V.Jaiganesh, Improving the mechanical properties of friction stir welded AZ31B magnesium alloy flat plates through axial force 
investigation, Applied Mechanics and Materials Vol. 591 (2014) pp 11-14. 
[2] Y.S. Sato, S.H.C. Park, M. Michiuchi, H. Kokawa, Constitutional liquation during dissimilar friction stir welding of Al and Mg alloys [J]. 
Scripta Mater, 2004, 50: 1233−1236. 
[3] D.Q. Sun, B.Lang, D.X. Sun, J.B. Li, Microstructures and mechanical properties of resistance spot welded magnesium alloy joints, Mater Sci 
Eng A 2007: 460–461:494–8   
[4] L. Yu, K. Nakata, J. Liao,  Microstructural modification and mechanical property improvement in friction stir zone of thixo-molded AE42 Mg 
alloy. J Alloys Compd 2009; 480:340–6. 
[5] P.Sevvel and V.Jaiganesh, Experimental Investigation on the impact of the Tool Material & geometry in joining of Al 63400 Alloy using 
Friction Stir Welding Process, Applied Mechanics and Materials Vols. 592-594 (2014) pp 312-315. 
[6] Y.G. Kim, H.Fujii, T. Tsumura, T. Komazaki, K. Nakata, Effect of welding parameters on microstructure in the stir zone of FSW joints of 
aluminum die casting alloy. Mater Lett 2006; 60:3830–7. 
[7] K. Kumar and Satish V.Kalidas in: The role of friction stir welding tool on material flow and weld formation Materials Science and 
Engineering A 485 (2008), p.367-374. 
[8] V.Jaiganesh and P.Sevvel, Effect of Process Parameters during Friction Stir Welding Of Al 6063 Alloy, Advanced Materials Research Vols. 
984-985 (2014) pp 604-607. 
[9] P.Sevvel and V.Jaiganesh, A detailed investigation on the role of different Tool Geometry in Friction Stir Welding of various Metals & their 
Alloys, Proceedings of the International Colloquium on Materials, Manufacturing & Metrology – ICMMM, August 8-9, 2014, pp 103 – 107. 
[10] P.Sevvel and V.Jaiganesh, An detailed examination on the future prospects of friction stir welding – a green technology, Proceedings of the 
International  Conference on Advances In Industrial Engineering Applications – ICAIEA 2014, January 06 – 08, 2014, pp 62 – 63.  
